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A novel fluorescent chemodosimeter, 1-(2-methoxybenzylidene)-4-phenylthiolsemicarbazide, was stud-
ied. In 90:10 (v/v) mixture of CH3CN and water binary solution, it exhibits high selectivity toward Cu2+
but very low response toward other competitive cations. The Cu2+ promoting cyclization of the thiosemi-
carbazide to 1,2,4-triazole-3(4H)-thione ring results in observation of the turn-on fluorescence.














































The design and synthesis of receptors capable of binding and
ensing cations selectively by fluorescence enhancement mode
eceive much attentions in recent years [1–11], because fluoroion-
hores showing enhanced fluorescence are to be favor over those
xhibiting fluorescence quenching as the readout mechanism for
he sensor response. One advantage of fluorescence enhancing
ensors is the convenience to measure low concentration of ana-
ytes with a “dark” background. This reduces the likelihood of
alse positive signals and increases the sensitivity. Compared to the
lassical fluorescent chemosensors, chemodosimeters that probe
nalytes via highly selective chemical reaction induced by the ana-
yte can be designed to exploit with enhanced fluorescence signal.
lthough many chemodosimeters for mercury(II) were developed,
he design of chemodosimeter for copper(II) with high selectivity
nd sensitivity still remains a challenge. Because Cu2+ presents an
nherent fluorescence quenching nature of paramagnetic species
12–15], detection of Cu2+ by fluoroionophores reported operates
ostly under fluorescence quenching [16–22] rather than fluores-
ence enhancement mode. Czarnik and his co-workers [22] created
fluorescent rhodamine B compound with fluorescent-specific
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oward non-fluorescent rhodamine B hydrazine. Anslyn and co-
orkers [23] reported a reasonably selective signal amplification
or ultrasensitive molecular sensing of Cu2+ using an intramolecu-
ar organometallic Heck reaction. To our knowledge, very few of
uch research on the chemodosimeter for Cu2+ has been found
n the literature. Here, we report a novel turn-on fluorescent
hemodosimeter for Cu2+ using 1-(2-methoxybenzylidene)-4-
henylsemicarbazide (1) as substrate with high selectivity in
cetonitrile (CH3CN) and water binary solution. Highly selec-
ive fluorescence response toward Cu2+ was observed in both
H3CN and CH3CN–H2O mixed solutions. Detailed experimental
esults demonstrate that Cu2+ promoted the cyclization reac-
ion of 1-(2-methoxybenzylidene)-4-phenylthiolsemicarbazide (1)
nto strongly fluorescent 5-(2-methoxyphenyl)-4-phenyl-2H-1,2,4-
riazole-3(4H)-thione (2). 1 therefore shows to be a novel turn-on
uorescent chemodosimeters for Cu2+.
. Experimental
.1. General proceduresMelting point was determined with an X-4 melting point appa-
atus. 1H NMR and 13C NMR data were acquired in CDCl3 on a
arian Unity 400 MHz NMR spectrometer using tetramethylsilane
TMS) as an internal standard. ESI-MS data were recorded on a
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ruker ESQUIRE-3000plus LC–MS/MS spectrometer. Corrected flu-
rescence spectra were taken on a Hitachi F-4500 fluorescence
pectrophotometer with excitation and emission slits of 5.0/5.0 nm,
nd absorption spectra were scanned on a Shimadzu UV224012PC
bsorption spectrophotometer. Fluorescence quantum yields were
easured using quinine sulfate as a standard (0.546 in 0.5 mol L−1
2SO4) [26]. Spectral titrations were carried out by injection of
liquot of metal ion solution into fluoroionophore solution in a
-cm quartz cell. Acetonitrile and deionized water for titrations
ere redistilled, analytical grade metal salts were used as received
rom commercial. Tris(hydroxymethyl)aminomethane hydrochlo-
ide (Tris–HCl) solution was prepared to pH 7.0 (5 mM).
.2. Synthesis [24]
1) Synthesis of phenylthiosemicarbazide: phenyl isothiocyanate
(0.540 g, 4 mmol) was dissolved in 30 mL of ethanol, and the
resulting solution was then slowly added to 50% hydrazine
hydrate (1.00 g, 10 mmol) in ethanol (10 mL). The mixed solu-
tion was stirred at room temperature for 8 h, and the white solid
was collected by filtration and recrystallized by ethanol.
2) Synthesis of 1: phenylthiosemicarbazide (0.334 g, 2 mmol) was
dissolved in 20 mL of ethanol and added to a refluxing ethanol
solution of 0.728 g (2 mmol) 2-methoxybenzaldehyde. The
mixed solution was further refluxed for about 6 h, forming
white precipitate which was then filtered off under low pres-
sure and washed several times with ethanol. The product
was recrystallized from ethanol, and dried under vacuum for
4 h. mp: 153–155 ◦C, ESI-MS: M+ 284, Anal. Cacld. (%) for
C15H15N3OS: C, 63.13; H, 5.30; N, 14.73; O, 5.61; S, 11.24. Found
(%): C, 62.79; H, 5.43; N, 14.99; O, 5.82. 1H NMR (CDCl3, ı
ppm): 9.32 (s, 1H, NH), 9.22 (s, 1H, NH) 8.27 (s, 1H, CH),
7.88–7.86 (d, 1H, ArH), 7.69–7.67 (d, 2H, ArH), 7.42–7.38 (m, 3H,
ArH), 7.24–7.22 (d, 2H, ArH), 7.02–6.92 (m, 2H, ArH). 13C NMR
(100 MHz, CDCl3, ı ppm): ı 55.62, 111.25, 120.85, 121.46, 124.27,
126.05, 126.18, 128.75, 132.09, 137.92, 139.05, 158.46, 175.77.
3) Synthesis of 2: the acetonitrile solution containing 2-
methoxybenzylidene-4-phenylthiosemicarbazide (0.142 g,
0.5 mmol) and Cu(AcO)2 (1 mmol) stirred for 2 h at room
temperature, color of the solution turned to bright yellow. The
solution was dried over MgSO4, concentrated and the product
was separated by chromatographically on silica (elution with
EtOAc/petroleum ether = 1:2.5 (Rf = 0.3) to give yellow crystal
product. mp: 259–260 ◦C, ESI-MS: M+ 282, Anal cacld. (%) for
C15H13N3OS: C, 63.58; H, 4.62; N, 14.83; O, 5.65; S, 11.32. Found
(%): C, 63.73; H, 5.13; N, 14.14; O, 5.61. 1H NMR (CDCl3, ı ppm):
11.28 (s, 1H, NH), 7.38–7.43 (m, 5H, ArH), 7.34–7.37 (m, 2H,
ArH), 6.98–7.02 (m, 1H, ArH), 6.70–6.72 (d, 2H, ArH), 3.37 (s,
3H, CH3). 13C NMR (100 MHz, CDCl3, ı ppm): ı 55.14, 111.25,
121.12, 127.45, 128.94, 129.29, 131.83, 131.92, 133.06, 134.77,
157.33.
.3. Crystal structure of 2
A single prism crystal with dimensions of
.30 mm × 0.20 mm × 0.10 mm was selected for the X-ray diffrac-
ion and the reflection data were collected on Bruker SMART APEX
000 CCD diffractometer operating with graphite-monochromated
o K radiation ( = 0.71073 Å) in the range of 1.41 <  < 25. The
tructure was solved by direct method and refined by full-matrix
east-squares technique against F2 using SHELX-97 package [27]. All
on-hydrogen atoms were refined anisotropically and the hydrogen
toms were placed in calculated positions and refined with a com-
on isotropic thermal parameter. The crystal belongs to triclinic,





ig. 1. Absorption (a) and fluorescence (b) spectra of 1 (10 M) in CH3CN in the
resence of increasing concentration of Cu2+. The excitation wavelength was 320 nm.
= 91.24(1), ˇ = 100.93(1),  = 92.466(8), V = 705.6(1) Å3, Z = 2,
c = 1.33 g/cm3, R1 = 0.0631, wR2 = 0.1701, GOF = 1.069, CCDC No.
57355.
. Results and discussion
The absorption spectrum of 1 in CH3CN exhibits a band peaked
t 337 nm with a shoulder at 311 nm and its molar extinction
oefficients of 2.92 × 104 and 2.47 × 104 L mol−1 cm−1, respectively
Fig. 1a). In the presence of Cu2+, the band at 337 nm was attenuated
hile a new peak appeared at 239 nm and a weak band at 450 nm
an be observed. Two clear isosbestic points at 278 and 357 nm were
bserved during the spectral titration, indicating the formation of a
ell-defined Cu2+–1 complex. A 1:2 stoichiometry of Cu2+ binding
o 1 was made evident from Job plots. The first binding constant of
u2+ with 1 in CH3CN evaluated by non-linearly fitting is at 105 M−1
rders of magnitude [25]. Similar spectral variations were observed
ith the other tested transition metal ions such as Ag+, Zn2+, Hg2+,
o2+, and Ni2+ of which non-linear fitting data afforded first bind-
ng constants of comparable value at 105 M−1 orders of magnitude.
hese observations indicate that Cu2+, Ag+, Zn2+, Hg2+, Co2+, and
i2+ bind to a similar extent to 1. Other metal ions like Li+, Ca+2,
b+2, Fe+3, and Cd+2 had little effect on the absorption spectrum of
.
The fluorescence spectrum of 1 in CH3CN was obtained and
ound to emit extremely weak fluorescence, but the fluorescence
as dramatically enhanced upon adding Cu2+ as can be seen in
ig. 1b. There are no emission band shift and fluorescence inten-
ity changed with excess amount of Cu2+ added. Some metal ions
ncluding Hg2+, Pb2+, Zn2+, Fe3+, Mn2+, and Li+ trigger little vari-
tions, while Cd2+, Ni2+, Ag+, Co2+, and Ca2+ do not affect on it
s can be seen in Fig. 2. The same experiment was carried out in
0:10 (v/v) CH3CN–H2O mixed solution and a prominent fluores-
ence enhancement was only observed for Cu2+ while the other
etal ions had very little effect on the fluorescence. These mean
hat the fluorescent response of 1 show a high selectivity for Cu2+
gainst other tested metal ions even in CH3CN solution containing
0% water.
Fluorescence emission can be affected not only by metal ion
inding, but also by a metal ion promoted reaction. Cu(AcO)2 in
H3CN can act as an effective oxidant for a variety of compounds,
herefore, it was presumed that Cu2+ could promote the oxidation
eaction of 1 into 2 in CH3CN. This was proved by the absorption












































ture. Data indicated that 1 could be employed to detect Cu2+ in 90%
CH3CN–H2O. The fluorescence enhancement factor was propor-
tional to Cu2+ over 0 and 1.2 g mL−1 at 1 concentration of 10−5 M
as shown in Fig. 6. The fluorescence enhancement of 1 by Cu2+ wasig. 2. Plots against metal concentration of the fluorescence enhancement factors
f 1 in CH3CN. [1] = 10 M.
nd fluorescence responses of 1 upon addition of Cu2+ in water
ifferent from that of in pure CH3CN solution. An obvious change
n absorption spectrum was observed in water but the fluores-
ence of 1 was hardly affected by Cu2+ in water. This means that
simple chelation of Cu2+ with 1 in water could not enhance the
uorescence of 1. In addition, the fluorescence quantum yield [26]
f 2 (˚ = 0.0948) in CH3CN is higher by ca. 316-fold than that of 1
˚ = 0.0003). Therefore, it is clear that the dramatic fluorescence
nhancement is resulted from the product of oxidation reaction of
in CH3CN promoted by Cu2+ chelation of 1. The selectivity for
u2+ was due to oxidation capability of Cu2+ in CH3CN. The direct
vidence for this conclusion came from the independent synthesis
f 2 by the reaction of 1 with Cu(AcO)2 in CH3CN. As described in
cheme 1, 2 was simply prepared by the simple reaction of 1 with
u(AcO)2 in CH3CN solvent at room temperature. The structure of
was confirmed by NMR, MS, and X-ray analysis. The amine –NH
ydrogen, aromatic C–NH hydrogen and vinyl = CH protons’ signals
f 1 were not observed in the 1H NMR of the cyclization product
and a very low field H signal was observed in 2 (Fig. 3). And the
ery low field H signal observed in 1H NMR can be ascribed to the
ydrazid –NH.
The crystal structure shown in Fig. 4 clearly demonstrates
he unique ring formation [27]. The molecule is composed of
-methoxyphenyl, 4-phenyl and 1,2,4-triazole-3(4H)-thione. The
rystal structure analysis shows that the methoxyphenyl C(1)–C(7),
henyl C10–C15 and triazole–thione ring N1, N2, N3, C8, C9, S1 are,
espectively in its plane. The unique ring of 1,2,4-triazole-3(4H)-
hione generates from the cyclization reaction.
Scheme 1. Structure of 1 and its cyclization reaction product 2.
F
5
Fig. 3. 1H NMR of 1 and its oxidative cyclization product 2 in CDCl3.
For practical applicability, it is best the chemodosimter to be
one in aqueous solution or at least in water containing solvent,
o that a mixed solvent of 90:10 (v/v) mixture of CH3CN and water
inary solution was used. The pH dependence chemodosimeter was
lso examined. Fig. 5 shows that for free 1 fluorescence does not
hange at 3 < pH < 13 range. However, in the presence of the Cu2+
on, there was an obvious fluorescence OFF–ON change at the same
H range. Thus, chemodosimeter 1 can detect the Cu2+ ion at the pH
ange because in this region 1 with the Cu2+ ion induces a remark-
ble fluorescence OFF–ON, whereas 1 without the Cu2+ ion does not
ead to such a change. As convenient for the practical application,
t is best to apply in the stable range of pH 5–8.
The fluorescent sensing of 1 for Cu2+ in mixed CH3CN–H2O solu-
ions was detailed investigated. Optimization suggested that the
ssay were carried out in 90:10 by volume mixture of CH3CN and
2O of pH 7.0 (5 mM Tris–HCl buffer, 0.1 M KCl) at room tempera-ig. 4. View of the structure of 2 with displacement atomic ellipsoids drawn at the
0% probability level.
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Fig. 5. Fluorescence intensity (418 nm) of free 1 (10 M) and 1 + 10 equiv. of Cu2+




















































ig. 6. Fluorescence spectra of 1 (10−5 M) in a mixture of CH3CN and Tris–HCl
5 mM, pH 7.0, [KCl] = 0.1 M) aqueous buffer solution (10/90, v/v) in the presence
f increasing concentration of Cu(AcO)2. Exicitation wavelength was 320 nm.
ound independent of counter anions of Cu2+ such as NO3−, Cl−,
cO−, and SO42−.
Furthermore, the fluorescence of 1 in 90% CH3CN–H2O (v/v) was
ardly altered by the tested other metal ions, such as Pb2+, Zn2+,
e3+, Mn2+, Li+ Cd2+, Ni2+, Ag+, Co2+, and Ca2+. The selectivity for
u2+ over other metal ions is remarkably high. It should be pointed
hat the fluorescence enhancement by Cu2+ was only slightly influ-
nced by the addition of 5.0 equiv. of co-existence metal ions as
g2+, and the interference of 5.0 equiv. of Hg2+ was less than 5%
rror.The cyclization reaction was irreversible and produced a time-
ependent dosimetric response which was controlled by the
eaction kinetics. Optimization of assay conditions for reaction time
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. Conclusion
In summary, we utilized an irreversible cyclization reaction to
evelop a novel chemodosimeter selectivity for Cu2+ with dramatic
uorescence enhancement output. To the best of our knowledge,
his is the first example of chemodosimeters based on Cu2+-
romoting cyclization reaction of Schiff base, although such similar
roduct can be synthesized from isothiosemicarbazones with -
alo carbonyl compounds [28] or by hydrolysis of substituted
-benzoyl-4-phenylthiosemicarbazide [29]. High selectivity and
ensitivity for Cu2+ over other tested metal ions was observed of
in a 90:10 (v/v) mixture of CH3CN and Tris–HCl aqueous buffer
olution.
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15] R. Krämer, Angew. Chem. Int. Ed. 37 (1998) 772–773.
16] E. Brasola, F. Mancin, E. Rampazzo, P. Tecilla, U. Tonellato, Chem. Commun. 24
(2003) 3026–3027.
17] Y. Zheng, X. Cao, J. Orbulescu, V. Konka, F.M. Andreopoulos, S.M. Pham, R.M.
Leblanc, Anal. Chem. 75 (2003) 1706–1712.
18] Y. Li, C.M. Yang, Chem. Commun. 24 (2003) 2884–2885.
19] A. Singh, Q.-W. Yao, L. Tong, W.C. Still, D. Sames, Tetrahedron Lett. 41 (2000)
9601–9605.
20] L. Prodi, F. Bolletta, M. Montaldi, N. Zaccheroni, Eur. J. Inorg. Chem. 3 (1999)
455–460.
21] A. Torrado, G.K. Walkup, B. Imperiali, J. Am. Chem. Soc. 120 (1998) 609–610.
22] V. Dujols, F. Ford, A.W. Czarnik, J. Am. Chem. Soc. 119 (1997) 7386–7387.
23] Q. Wu, E.V. Anslyn, J. Am. Chem. Soc. 126 (2004) 14682–14683.
24] Y. Yu, L.R. Lin, K.B. Yang, X. Zhong, R.B. Huang, L.S. Zheng, Talanta 9 (2006)
103–106.
25] R.H. Yang, K.N. Li, K.M. Wang, F.L. Zhao, N. Li, F. Liu, Anal. Chem. 75 (2003)
612–621.
26] J.N. Dema, G.A. Crobys, J. Phys. Chem. 75 (1971) 991–1024.
27] Crystallographic data for the structure reported in this paper have been
deposited with the Cambridge Crystallographic Data Centre as supplemen-
tary publication CCDC No. 657355. Copies of the data can be obtained free of
the charge via www.ccdc.cam.ac.uk/deposit/retrieving.html (or from the Cam-
bridge Crystallographic Data centre, 12 Union Road, Cambridge CB21EZ, UK;
fax: +44 1223 33603 3; e-mail: deposit@ccdc.cam.ac.uk).
28] C. Yamazaki, Bull. Chem. Soc. Jpn. 53 (1980) 3289–3294.
29] X.Z. Lin, Z.X. Si, Chin. Chem. Lett. 13 (2002) 129–132.
